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We generalize the idea of the axion to an extended electroweak gauge symmetry setup. We propose
a minimal axion extension of the SVS theory, in which the standard model fits in SU(3)L ⊗U(1)X,
the number of families results from anomaly cancellation, and the Peccei-Quinn (PQ) solution to the
strong-CP problem is implemented. Neutrino masses arise from a type-I Dirac seesaw mechanism,
suppressed by the ratio of SVS and PQ scales, suggesting the existence of new physics at a moderate
SVS scale. We describe the novel properties of the resulting DFSZ-like invisible axion.
I. INTRODUCTION
One of the well-known theoretical loose ends of the standard model consists in understanding the lack of CP
violation in the strong interaction. A popular way to approach this so-called “strong CP problem” is to appeal to
the Peccei-Quinn (PQ) mechanism [1], which leaves a pseudo-Nambu-Goldstone boson, the well-known axion, in the
particle spectrum [2, 3]. The latter can be realized consistently within the invisible axion approach [4–7], for recent
extensive reviews see Refs. [8, 9]. Another theory challenge is to explain why one has three families of fundamental
particles. A way to approach the latter is to appeal to anomaly cancellation arguments, as in the SVS theory [10],
or in other subsequent 3-3-1-based proposals [11, 12], for a recent short review see [13]. Under certain circumstances,
this “anomaly” mechanism could lead to interesting flavor correlations between rare decays [14].
Last, but not least, there are major physics shortcomings of the standard model, such as the lack of neutrino masses
and mixings [15], as well as the lack of a viable dark matter candidate [16]. While the axion can solve the dark matter
problem [17, 18], it does not come, by itself, accompanied by non-zero neutrino masses and mixings adequate to
account for neutrino oscillations [19].
There have been recent suggestions on how to relate neutrino mass generation with the strong CP problem [20]. This
goal can be achieved either assuming Majorana neutrinos [21–27], or Dirac-based neutrino mass generation [28–31].
Indeed, naturally small Dirac neutrino masses may arise effectively, in terms of dimension-five or six operators [32, 33],
as well as from full-fledged, UV-complete, Dirac seesaw theories in which neutrino masses are symmetry-protected.
These may be realized either through type-I [34] or type-II seesaw mechanism [35, 36].
Here we propose a comprehensive SVS-based approach in which all of the above issues appear as closely intercon-
nected. The field content of the SVS theory [10] is extended by the addition of
• a single gauge singlet σ in the scalar sector, transforming non-trivially under the Peccei-Quinn symmetry,
• neutral leptons SaL,R, singlets under the 3-3-1 gauge symmetry, but charged under U(1)N or B − L.
∗ alex.dias@ufabc.edu.br
† julio.leite@ufabc.edu.br
‡ valle@ific.uv.es
§ vaquera@fisica.ugto.mx
ar
X
iv
:2
00
8.
10
65
0v
1 
 [h
ep
-p
h]
  2
4 A
ug
 20
20
2The scalar singlet σ field will harbor the axion [2, 3], as in the invisible DFSZ [4, 5] or KSVZ [6] axion models.
On the other hand, the neutral fermions SaL,R will mediate neutrino mass generation through a type-I Dirac seesaw
mechanism. Our construction differs from all previous implementations of the PQ mechanism within the 3-3-1
framework, for example those suggested in Refs. [37–40]. In particular, our predicted axion couplings to photons and
fermions exhibit novel features that we discuss in detail.
This paper is organized as follows: in Sec. II we sketch the theory setup, field content and quantum numbers
under all the symmetries. In Sec. III we summarize the scalar sector and symmetry structure, while in Secs. IV and
V we describe the charged fermion Yukawa couplings, and the neutrino mass generation through the Dirac seesaw
mechanism, respectively. In Section VI we summarize the main axion properties. Finally, in Sec. VII we present a
short discussion and conclude.
II. FIELD CONTENT AND SYMMETRIES
Our model is based on a SU(3)c ⊗ SU(3)L ⊗U(1)X ⊗U(1)N extension of the standard model where the symmetry
of electromagnetism, U(1)Q, as well as baryon number minus lepton number symmetry U(1)B−L remain conserved as
residual subgroups after spontaneous breaking takes place. Their generators are embedded in the defining symmetry
of the model as
Q = T3 − 1√
3
T8 +X , (1)
B − L = − 4√
3
T8 +N , (2)
where T3 and T8 are the diagonal generators of an SU(3)L gauge symmetry, while X and N are the generators of the
Abelian groups U(1)X and U(1)N, respectively. There are two possible choices for the Abelian factor U(1)N. The first
one is to keep it global, leading to a conventional 3-3-1 SVS gauge structure [10]. The second one is to promote it
to a local symmetry in a fully gauged 3-3-1-1 theory setup [41]. Clearly, a local U(1)N symmetry leads to a gauged
B − L preserving model, which is viable, provided the associated neutral boson develops an adequate mass. This
can be achieved by the implementation of the Stueckelberg mechanism for U(1)N as shown in [42]. As the important
features of our model do not depend on the nature of B − L, but only on its preservation, in what follows we adopt
an anomaly-free definition of U(1)N that can be either gauged or not.
The field content of our model is such that, in the lepton sector, left-handed fields come in the fundamental
representation of SU(3)L, while the right-handed charged leptons appear as SU(3)L singlets
ψaL = (νaL, eaL, (νaR)
c)
T ∼
(
1,3,−1
3
,−1
3
)
, (3)
eaR ∼ (1,1,−1,−1) ,
where a = 1, 2, 3, and the numbers in parentheses represent the field’s transformations under the groups SU(3)c,
SU(3)L, U(1)X and U(1)N, respectively. Notice that, in addition to the standard model leptons, the lepton triplets
also contain two-component neutral fields, which are identified as (the charge-conjugated) right-handed neutrinos [43].
For the left-handed quarks, the first two families transform in the anti-fundamental representation of SU(3)L and
the third in the fundamental representation
QαL = (dαL,−uαL, DαL)T ∼
(
3,3∗, 0,−1
3
)
, (4)
Q3L = (u3L, d3L, U3L)
T ∼
(
3,3,
1
3
, 1
)
,
with α = 1, 2. Such unusual embedding of quark families, in different SU(3)L representations, is required to ensure
3anomaly cancellation [10–12]. Each triplet component has a right-handed counterpart which is an SU(3)L singlet
uaR ∼
(
3,1,
2
3
,
1
3
)
, U3R ∼
(
3,1,
2
3
,
7
3
)
,
daR ∼
(
3,1,−1
3
,
1
3
)
, DαR ∼
(
3,1,−1
3
,−5
3
)
. (5)
In addition to the above fermion fields, already present in the SVS model, we introduce pairs of neutral leptons.
These are vector-like under the gauge symmetries and, therefore, do not contribute to anomaly coefficients
SaL,R ∼ (1,1, 0,−1) . (6)
In the scalar sector, as usual, we consider three fields in the fundamental SU(3)L representation
Φ1 =
(
φ01, φ
−
1 , φ˜
0
1
)T
∼
(
1,3,−1
3
,
2
3
)
,
Φ2 =
(
φ+2 , φ
0
2, φ˜
+
2
)T
∼
(
1,3,
2
3
,
2
3
)
, (7)
Φ3 =
(
φ03, φ
−
3 , φ˜
0
3
)T
∼
(
1,3,−1
3
,−4
3
)
.
Finally, we introduce a scalar gauge singlet
σ ∼ (1,1, 0, 0) . (8)
Besides the defining symmetries of the model, we assume that the classical Lagrangian displays a global Peccei-
Quinn symmetry. In Table I, we present a summary of the transformation properties of fermions and scalars. We
have parameterized the most general U(1)PQ charge assignment in terms of the charges of QαL,Φ1,Φ3 and σ.
The anomaly relevant for the Peccei-Quinn symmetry is the QCD anomaly, [SU(3)c]
2 ×U(1)PQ, with coefficient
Cag =
∑
quarks
(PQqL − PQqR) (9)
= 6PQQαL + 3PQQ3L − (3PQuaR + 3PQdaR + PQU3R + 2PQDαR) = PQσ .
Thus in order to solve the strong-CP problem through the Peccei-Quinn mechanism, we require PQσ 6= 0. In
Section VI we discuss in detail the properties of the axion in our model.
III. SCALAR SECTOR AND SYMMETRY STRUCTURE
The scalar potential associated to the field content and symmetry properties shown in Table I, can be divided in
two parts V = V1 + V2. The first contribution only contains the usual three triplets of the SVS theory,
V1 =
3∑
i=1
[
µ2iΦ
†
iΦi + λi(Φ
†
iΦi)
2
]
+
3∑
i<j
[
λij(Φ
†
iΦi)(Φ
†
jΦj) + λ˜ij(Φ
†
iΦj)(Φ
†
jΦi)
]
, (10)
which are decomposed as
Φ1 =

v1+s1+ia1√
2
φ−1
φ˜01
 , Φ2 =
 φ
+
2
v2+s2+ia2√
2
φ˜+2
 , Φ3 =
 φ
0
3
φ−3
w+s3+ia3√
2
 . (11)
On the other hand, V2 includes all possible terms involving the scalar singlet σ
V2 = µ
2
σσ
∗σ + λσ(σ∗σ)2 +
3∑
i
λiσ(Φ
†
iΦi)(σ
∗σ)− (λA σΦ1Φ2Φ3 + h.c.) . (12)
4Field 3-3-1-1 rep B − L U(1)PQ
ψaL
(
1,3,− 1
3
,− 1
3
)
(−1,−1,+1)T 1
2
(−PQσ + PQΦ1 + PQΦ3)
eaR (1,1,−1,−1) −1 12 (PQσ + 3PQΦ1 + 3PQΦ3)
QαL
(
3,3∗, 0,− 1
3
) (
1
3
, 1
3
,− 5
3
)T
PQQαL
Q3L
(
3,3, 1
3
, 1
) (
1
3
, 1
3
, 7
3
)T
PQQαL − PQσ − PQΦ3
uaR
(
3,1, 2
3
, 1
3
)
1
3
PQQαL − (PQσ + PQΦ1 + PQΦ3)
U3R
(
3,1, 2
3
, 7
3
)
7
3
PQQαL − PQσ − 2PQΦ3
daR
(
3,1,− 1
3
, 1
3
)
1
3
PQQαL + PQΦ1
DαR
(
3,1,− 1
3
,− 5
3
) − 5
3
PQQαL + PQΦ3
SaL (1,1, 0,−1) −1 12 (PQσ − PQΦ1 + PQΦ3)
SaR (1,1, 0,−1) −1 12 (−PQσ − PQΦ1 + PQΦ3)
Φ1
(
1,3,− 1
3
, 2
3
)
(0, 0, 2)T PQΦ1
Φ2
(
1,3, 2
3
, 2
3
)
(0, 0, 2)T −(PQσ + PQΦ1 + PQΦ3)
Φ3
(
1,3,− 1
3
,− 4
3
)
(−2,−2, 0)T PQΦ3
σ (1,1, 0, 0) 0 PQσ
TABLE I: Field content and symmetry transformations
where the scalar singlet is written as
σ =
vσ + sσ + iaσ√
2
. (13)
The above vacuum alignment, satisfying the hierarchies v2σ  w2  v21+v22 ≡ v2EW , ensures that the B−L symmetry
is conserved. From the scalar potential and field decomposition, we extract the following extremum conditions
v1
(
2µ21 + 2λ1v
2
1 + λ12v
2
2 + λ13w
2 + λ1σv
2
σ
)
= λAv2wvσ , (14)
v2
(
2µ22 + 2λ2v
2
2 + λ12v
2
1 + λ23w
2 + λ2σv
2
σ
)
= λAv1wvσ ,
w
(
2µ23 + λ13v
2
1 + λ23v
2
2 + 2λ3w
2 + λ3σv
2
σ
)
= λAv1v2vσ ,
vσ
(
2µ2σ + λ1σv
2
1 + λ2σv
2
2 + λ3σw
2 + 2λσv
2
σ
)
= λAv1v2w ,
which we solve simultaneously for the dimensionful constants µ1, µ2, µ3 and µσ.
We now calculate the tree-level scalar spectrum. First we consider the CP-odd scalars. When grouped together in
the basis (a1, a2, a3, aσ), these states share the squared mass matrix
M2a =
λA
2

v2wvσ
v1
wvσ v2vσ v2w
wvσ
v1wvσ
v2
v1vσ v1w
v2vσ v1vσ
v1v2vσ
w v1v2
v2w v1w v1v2
v1v2w
vσ
 . (15)
By diagonalizing M2a , we find that only one state
A =
1√
NA
[v2wvσ a1 + v1wvσ a2 + v1v2vσ a3 + v1v2w aσ] , (16)
5where
NA = v
2
1v
2
2w
2 + v2σ(v
2
1v
2
2 + v
2
EWw
2) , (17)
gets a large mass after spontaneous symmetry breaking,
m2A = λA
v21v
2
2w
2 + v2σ(v
2
1v
2
2 + v
2
EWw
2)
2v1v2wvσ
. (18)
Two other mass eigenstates, G1 and G2, are would-be Goldstone bosons. They are absorbed by the neutral vector
bosons of SU(3)L through the Higgs mechanism. They do not have a component along σ.
Finally, the last (apparently) massless field is actually the axion associated with the spontaneous breaking of the
anomalous U(1)PQ symmetry and is given by
a =
1√
Na
[−v1v22w2 a1 − v2v21w2 a2 − wv21v22 a3 + vσ(v21v22 + v2EWw2) aσ] , (19)
where the normalization constant Na is given by
Na =
(
v21v
2
2 + v
2
EWw
2
)
NA . (20)
One sees that, in the limit of interest, vσ  w  v1, v2, the axion is mainly the imaginary part of σ.
Turning now to the CP-even scalars, in the basis (s1, s2, s3, sσ), the relevant squared mass matrix is given by
M2s =
1
2

2λ1v
2
1 +
λAv2wvσ
v1
2λ12v1v2 − λAwvσ 2λ13v1w − λAv2vσ 2λ1σv1vσ − λAv2w
2λ12v1v2 − λAwvσ 2λ2v22 + λAv1vσwv2 2v2wλ23 − λAv1vσ 2λ2σv2vσ − λAv1w
2λ13v1w − λAv2vσ 2λ23v2w − λAv1vσ 2λ3w2 + λAv1v2vσw 2λ3σwvσ − λAv1v2
2λ1σv1vσ − λAv2w 2λ2σv2vσ − λAv1w 2λ3σwvσ − λAv1v2 4λσv2σ + λAv1v2wvσ
 . (21)
In general, the matrix above leads to four non-vanishing eigenvalues, associated to four massive scalar bosons, H1,
H2, H3 and H4. For vσ = 10
12 GeV, w = 104 GeV, and
√
v21 + v
2
2 = 246 GeV, the heavier state is H4 ' sσ,
which becomes much heavier than the others, m2H4 ' 2λσv2σ, and hence decouples from the rest. The lighter state
is identified with the 125 GeV Higgs boson, H1 ≡ h. The remaining states, H2 and H3, get masses around the SVS
scale w.
In addition to the neutral scalars presented above, the model counts with the complex neutral fields φ˜01 and φ
0
3
which have opposite B −L charge, and when grouped in the basis (φ˜01, φ0∗3 ), share the following squared mass matrix
M2φ0 =
1
2
 w (λ˜13w + λAv2vσv1 ) λAv2vσ + λ˜13v1w
λAv2vσ + λ˜13v1w v1
(
λ˜13v1 +
λAv2vσ
w
)  . (22)
In the mass basis, only one of the states appears in the physical spectrum
ϕ0 =
wφ˜01 + v1φ
0∗
3√
v21 + w
2
, (23)
and has a heavy squared mass
m2ϕ0 =
(v21 + w
2)(λ˜13v1w + λAv2vσ)
2v1w
. (24)
The other state G3, orthogonal to ϕ
0, is massless and absorbed by the gauge sector.
6Finally, writing the charged scalars in the basis (φ±2 , φ
±
1 , φ˜
±
2 , φ
±
3 ), we find the squared mass matrix
M2± =
1
2

v1
(
λ˜12v1 +
λAwvσ
v2
)
λAwvσ + λ˜12v1v2 0 0
λAwvσ + λ˜12v1v2 v2
(
λ˜12v2 +
λAwvσ
v1v2w
)
0 0
0 0 w
(
λ˜23w +
λAv1vσ
v2
)
λAv1vσ + λ˜23v2w
0 0 λAv1vσ + λ˜23v2w v2
(
λ˜23v2 +
λAv1vσ
w
)
 . (25)
As expected, charged fields with different B − L charges do not mix. Diagonalizing the matrix above, we find two
heavy charged scalar fields
H±1 =
v1φ
±
2 + v2φ
±
1√
v21 + v
2
2
, H±2 =
wφ˜±2 + v2φ
±
3√
v22 + w
2
, (26)
whose masses are
m2
H±1
=
(
v21 + v
2
2
)
(λ˜12v1v2 + λAwvσ)
2v1v2
, (27)
m2
H±2
=
(
v22 + w
2
)
(λ˜23v2w + λAv1vσ)
2v2w
,
while the other two massless states, G±4 and G
±
5 , are absorbed by the charged gauge boson sector.
IV. QUARK MASSES AND MIXING
The allowed Yukawa interactions for the quarks are given as
−LYq = yuαaQαL Φ∗2 uaR + yu3aQ3L Φ1 uaR + yd3aQ3L Φ2 daR + ydαaQαL Φ∗1 daR
+ yU33Q
3
L Φ3 U
3
R + y
D
αβ Q
α
L Φ
∗
3 D
β
R + h.c. (28)
When the scalar fields acquire vacuum expectation values (vevs), the up-type quarks get the following mass matrix:
Mu =
1√
2

−v2yu11 −v2yu12 −v2yu13 0
−v2yu21 −v2yu22 −v2yu23 0
v1y
u
31 v1y
u
32 v1y
u
33 0
0 0 0 wyU33
 =
(
mu3×3 03×1
01×3
wyU33√
2
)
, (29)
in the basis (ua, U3). The 3×3 mass matrix associated with the standard up-type quarks is diagonalized by rotating the
left and right fields to the mass basis according to uL,R → UuL,R u′L,R, leading to diag(mu,mc,mt) = (UuL)†mu3×3UuR.
On the other hand, the down-type quarks, in the basis (da, Dα), acquire the mass matrix
Md =
1√
2

v1y
d
11 v1y
d
12 v1y
d
13 0 0
v1y
d
21 v1y
d
22 v1y
d
23 0 0
v2y
d
31 v2y
d
32 v2y
d
33 0 0
0 0 0 wyD11 wy
D
12
0 0 0 wyD12 wy
D
22
 =
(
md3×3 03×2
02×3 mD2×2
)
. (30)
As in the previous case, the mass matrix of the standard down-type quarks, md3×3, is diagonalized by rotating the
flavor states to the mass basis: dL,R → UdL,R d′L,R, so as to obtain diag(md,ms,mb) = (UdL)†md3×3UdR.
Notice that the conservation of the B − L symmetry ensures that the exotic quarks do not mix with the standard
ones, making sure that the Cabibbo-Kobayashi-Maskawa matrix describing light quark mixing, and defined as
VCKM = (U
u
L)
†UdL, (31)
is strictly unitary, as in the standard model.
7V. LEPTON MASSES AND MIXING
On the other hand, turning to the lepton sector, we have the Yukawa Lagrangian
−LYl = yeab ψaL Φ2ebR + yν1ab ψaL Φ1 SbR + yν2ab ψaL Φ3 (SbL)c + ySab SaL σ SbR + h.c., (32)
so that the charged lepton masses can be obtained simply as
Me =
yev2√
2
, (33)
where the family indices have been omitted. Again here the mass matrix is diagonalized as diag(me,mµ,mτ ) =
(UeL)
†MeUeR, where U
e
L,R are the unitary matrices connecting the left/right flavor, eL,R, and mass eigenstates, e
′
L,R.
We now turn to the structure of neutrino masses and mixing. Here we first note that the PQ symmetry forbids
the term ψLΦ
∗
2(ψL)
c which would generate an unsuppressed Dirac neutrino mass. As a result, neutrino masses are
generated via the type-I Dirac seesaw mechanism, illustrated in Fig. 1. In the basis N = (ν, S), we can write neutral
mass term NLMDiracNR in terms of the seesaw-type-I matrix,
MDirac =
1√
2
(
0 yν1v1
(yν2)Tw ySvσ
)
, (34)
where “Dirac” indicates that all terms are Dirac-type. This matrix can be written in a diagonal form as diag(mNn ) =
(UNL )
†MD(UNR ), with n = 1, ..., 6, once the chiral flavor fields are rotated to the mass basis through the unitary
transformations NL,R → UNL,RN ′L,R. The full Dirac seesaw expansion formula is readily obtained from the method in
Ref. [44], though here it suffices for us to keep just the first order term,
mDν '
yν1(yS)−1(yν2)T√
2
v1w
vσ
. (35)
One sees how the small active neutrino masses result from the suppression by the large seesaw mediator mass, which
is identified to lie at the Peccei-Quinn scale. Choosing vσ ' vPQ suggests the existence of new physics at a lower
scale w, characterizing the extended electroweak gauge sector of the SVS theory. For example with v1 = 10
2 GeV,
w = 104 GeV and vσ = 10
12 GeV, sub-eV neutrino masses (0.1 eV) are obtained for reasonable Yukawa couplings
yν1,2 ∼ 10−2 and yS ∼ 1.
〈σ〉
〈φ01〉 〈φ˜03〉
νL SR SL νR
FIG. 1: Type-I Dirac seesaw mechanism for neutrino masses
Likewise, the lepton mixing matrix describing neutrino oscillations arises as
VLEP = (U
e
L)
†UνL, (36)
8where the charged lepton piece is completely standard, while the neutral piece involves also the mediator fermions.
Since these lie at the Peccei-Quinn scale, the mixing matrix of the light neutrinos is nearly unitary, and conveniently
described as in the case of quarks. Indeed, since neutrinos are Dirac-type, the would-be Majorana phases are not
physical and can be removed by field redefinition [45, 46]. No family symmetry is assumed, hence the lepton mixing
matrix is totally arbitrary and chosen to fit the observed pattern of neutrino oscillations [19].
VI. BASIC AXION PROPERTIES
Having presented the scalar and fermion spectra, we now turn to the main properties of the axion and its couplings.
We start by noticing the crucial role played by the coupling λA, in Eq. (12). It follows from this term that the PQ
charges of the scalar fields satisfy the relation
PQΦ1
PQσ
+
PQΦ2
PQσ
+
PQΦ3
PQσ
= −1. (37)
These charges can be written in terms of the scalar vevs, and when normalizing them by PQσ, we find
PQΦ1
PQσ
= − v
2
2w
2
v21v
2
2 + v
2
EWw
2
,
PQΦ2
PQσ
= − v
2
1w
2
v21v
2
2 + v
2
EWw
2
,
PQΦ3
PQσ
= − v
2
1v
2
2
v21v
2
2 + v
2
EWw
2
. (38)
Thus, we can use these charges to rewrite the axion profile in Eq. (19) in the usual form [47]
a =
1
fPQ
[v1PQΦ1 a1 + v2PQΦ2 a2 + wPQΦ3 a3 + vσPQσ aσ] , (39)
where the dimensionful constant which normalizes the axion is defined as
fPQ =
√
PQ2σv
2
σ + PQ
2
Φ1
v21 + PQ
2
Φ2
v22 + PQ
2
Φ3
w2
= PQσ
√
v2σ +
v21v
2
2w
2
v21v
2
2 + v
2
EWw
2
, (40)
where we have assumed that PQσ > 0.
Notice that the axion decay constant, fa, is in general defined as
fa ≡ fPQ
NDW
, (41)
in terms of fPQ, given in Eq. (40), and the domain wall number NDW . In the present case, we have NDW = 1 so
that the model is free from the domain wall problem.
Notice also that the PQ charges can be parametrized in terms of two angles:
PQΦ1
PQσ
= −(cos δ cosβ)2, PQΦ2
PQσ
= −(cos δ sinβ)2, PQΦ3
PQσ
= −(sin δ)2, (42)
where δ and β are defined as
tan δ =
v1v2
wvEW
and tanβ =
v1
v2
. (43)
One sees that, as δ → 0 the axion has no Φ3 component and decouples from the exotic quarks.
Before turning to the discussion of axion couplings we mention the issue of the axion mass. As usual, the axion
field acquires a mass via nonpertubative QCD effects [2, 48]
ma =
√
mumd
mu +md
mpifpi
fa
' 5.7
(
1012 GeV
fa
)
µeV, (44)
9with mu, md, and mpi the masses of the up quark, down quark and pion respectively, fpi the pion decay constant, and
fa is given in Eq. (41). In the limit vσ  w  v1, v2, it is easy to see that a ' aσ, and the axion with fa ' vσ is
adequately “invisibilized” by the Dirac-neutrino seesaw scale.
It is well-known that the coherent oscillations of the axion field around its minimum may account for the cosmological
cold dark matter [17, 18]. For fa ' vσ in the range from 109 − 1012 GeV, the axion can be relevant as cold dark
matter in the usual manner, see [8, 9].
A. Standard model axion limits
Let us now compare some of the main features of our construction with typical standard model invisible axion
schemes. We recall that in the DFSZ models [4, 5] the standard fermions have tree-level coupling with the axion,
since they carry PQ charge. On the other hand, in the KSVZ models [6, 7] only the new fermions, with mass
proportional to vσ, carry PQ charge, so that the axion there does not couple with standard model fermions. The
crucial term in the comparison is
σΦ1Φ2Φ3
which has no direct analogue within the standard model. However, since the first two components of the triplets Φi
form SU(2)L doublets, Hi, and the third components, ϕi, are SU(2)L singlets the above term would correspond in the
standard model limit to
σϕ3H1H2.
The singlet σ does not interact with fermions at tree-level and can be seen as the analogue of the Peccei-Quinn-
charge-carrying singlet in the DFSZ models. On the other hand, the third component of Φ3, ϕ3, is similar to the
scalar singlet in KSVZ models which, at tree-level, couples only to exotic fermions. Our model, therefore, can be
understood as a hybrid DFSZ-KSVZ construction. Taking our assumed vev hierarchy vσ  w  vEW , one sees from
Eq. (38) that PQΦ3/PQσ, becomes suppressed. This way we obtain the DFSZ-like limit. It is also interesting to
notice that our axion can only be “invisibilized” within this limit.
In contrast to the original KSVZ model, in our proposal ϕ3 not only plays a role in the breaking of the Peccei-Quinn
symmetry, but is also responsible for the breaking of the extended electroweak gauge group characterizing the SVS
theory. Consequently, its CP-odd component, the field a3, contributes mostly to the longitudinal Goldstone modes
associated to Z and Z ′ and can not “invisibilize” the axion in a consistent manner.
It follows that, at the standard SU(3)c ⊗ SU(2)L ⊗U(1)Y level, the viable invisible axion constructions would
involve the σ field, either through a quartic or a cubic term in the scalar potential, σ2H1H2 or σH1H2.
B. Axion-to-photon coupling
In order to ensure that the assumed U(1)PQ symmetry of the model realizes the Peccei-Quinn mechanism for solving
the strong CP problem we must check that it produces an [SU(3)c]
2 ×U(1)PQ anomaly. Indeed, the U(1)PQ charges
in Table I give the nonzero [SU(3)c]
2U(1)PQ anomaly coefficient Cag = PQσ, as determined in Eq. (9). As a result,
one can turn the θ parameter in the CP violation term L ∼ θGG˜ of the QCD Lagrangian into the dynamical axion
field, which couples effectively to the gluon field strength, Gbµν , according to
Lagg = −αs
8pi
Cag
fPQ
aGbµνG˜
b,µν , (45)
where G˜b,µν ≡ µνσρGbσρ/2 is the dual field strength, αs = gs/(4pi) with gs the strong interaction coupling constant.
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Likewise the electromagnetic [U(1)Q]
2 ×U(1)PQ anomaly coefficient
Caγ = 2
∑
i=charged
(PQiL − PQiR)(Qi)2 (46)
is given by
Caγ = 6
[
(2PQσ + 3PQΦ1 + 3PQΦ3)
(
2
3
)2
− (PQσ + 3PQΦ1 + 3PQΦ3)
(−1
3
)2
− (PQσ + PQΦ1 + PQΦ3) (−1)2
]
= −4
3
PQσ . (47)
The axion interaction with the electromagnetic field is dictated by the effective Lagrangian
Laγγ = −gaγ
4
aFµν F˜
µν , (48)
in which the axion-to-photon coupling is given as
gaγ =
α
2pifa
(
Caγ
Cag
− 2
3
4 + z
1 + z
)
≈ α
2pifa
(
−4
3
− 1.95
)
, (49)
where α is the fine-structure constant and z = mu/md ≈ 0.56, the ratio between the up- and down-quark masses 1.
We stress that our prediction for the axion-to-photon coupling is a robust one, in the sense that it does not depend
on the details of the Peccei-Quinn charge assignments made in Table I.
It is instructive to separate the coefficients in Eqs. (9) and (46) into two contributions, one arising from the
standard fermions (st), while the other comes exclusively from the exotic fermions (ex), as Cag = C
st
ag + C
ex
ag and
Caγ = C
st
aγ + C
ex
aγ , i.e.
Cstag = PQσ + PQΦ3 and C
ex
ag = −PQΦ3 , (50)
Cstaγ = −
4
3
(PQσ + PQΦ3) and C
ex
aγ =
4
3
PQΦ3 .
In the limit where the exotic fermion contributions vanish, i.e. when PQΦ3 → 0, the predicted axion-photon coupling
remains the same as in Eq. (49). This could be understood as a “DFSZ-like” limit since only standard fermions
contribute to the anomaly coefficients. Nonetheless, instead of recovering the usual (flavor-universal) DFSZ con-
structions, we have a “flavored” axion as a result of the intrinsic flavor structure of 3-3-1 scenarios, arising from the
requirement of cancellation of the gauge anomalies [10–12]. This lies behind the different value we obtain for the
Caγ/Cag ratio when compared to the conventional standard-model-based flavor-universal axion schemes.
Another interesting case, at least from the theory viewpoint, is the “KSVZ-like” limit, corresponding to PQΦ3 →
−PQσ, achieved when w → 0. In this case only the exotic fermions contribute to the anomaly coefficients in Eq.
(49). This, however, would not be phenomenologically viable as the SVS new gauge bosons and exotic states would
not acquire adequate masses. This reinforces the discussion of Sec. VI A where we found that the KSVZ-like limit of
our model cannot be implemented in a consistent manner.
C. Axion couplings to leptons
The tree-level interactions between the axion and fermions can be obtained from the Yukawa sector. To find them,
we use, in Eqs. (28) and (32), the profile of the axion, given in Eq. (39), and rotate the fermions from the flavor
1 Further details on the derivation of the anomaly coefficients in the axion couplings with gluons, photons and fermions are given, for
example, in [49] and references therein. Note that the ratio of the anomaly coefficients
Caγ
Cag
is commonly written as E
N
in the literature.
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to their mass bases, according to the adequate unitary transformations described in Secs. IV and V, generically
represented by fL,R → UfL,Rf ′L,R. Following this procedure for the charged leptons, we obtain
− igae a e′γ5e′ (51)
with
gae =
diag(me,mµ,mτ )
fa
cae and cae =
Cae
Cag
=
PQeL − PQeR
Cag
= − cos2 δ sin2 β, (52)
where e′ = e′L + e
′
R.
Notice that for values of the SVS scale consistent with 3-3-1 phenomenology, w & 10 TeV, Eq. (43) implies that
cos2 δ ' 1, so we have cae ' − sin2 β. This resembles the situation in the DFSZ model, except that our result is three
times larger because of the domain-wall number. This similarity is expected since for vEW /w  1, our model leads
to a low-energy two-Higgs-doublet effective axion model.
Turning to the axion couplings to the neutral leptons, in addition to diagonal contributions, we also expect non-
diagonal terms. This follows from the fact that the seesaw mechanism involves fields with different U(1)PQ charges
2.
The interaction terms can be written as,
iaN ′m
[
(gVaN )mn − (gAaN )mnγ5
]
N ′n, (53)
with m,n varying from 1 to 6, and N ′ representing the mass basis. As discussed above, this is related to the flavor
basis via N = UNL,RN
′. The vector and axial coefficients are given by
(gVaN )mn =
mNm −mNn
2fa
[
(1 + cos2 δ cos2 β)×XNLmn − (1 + sin2 δ)×XNRmn
]
, (54)
(gAaN )mn =
mNm +m
N
n
2fa
[
(cos2 δ sin2 β − 2)× δmn + (1 + cos2 δ cos2 β)×XNLmn + (1 + sin2 δ)×XNRmn
]
,
with
XNL,Rmn =
[
(UNL,R)
†diag (03×3, I3×3)UNL,R
]
mn
. (55)
The mNn are the eigenvalues of the neutral lepton mass matrix in Eq. (34), i.e. the masses of both the active neutrinos
ν′ and the heavy neutral mediator fermions S′.
D. Axion couplings to Quarks
When it comes to the axion couplings to standard quarks, the contributions are more involved as a result of the
non-trivial embedding of quark families in different representations of SU(3)L, which leads to flavor changing neutral
currents. This is a characteristic feature of 3-3-1 models and can be traced back to the cancellation of anomalies [10–
12]. The resulting axion-quark couplings are given as
ia q′i
[
(gVaq)ij − (gAaq)ijγ5
]
q′j , (56)
with q′ = u′, d′ and
(gVau)ij =
mui −muj
2fa
cos2 δ ×Xuij , (gAau)ij =
mui +m
u
j
2fa
cos2 δ
[
sin2 β × δij +Xuij
]
, (57)
(gVad)ij =
mdi −mdj
2fa
cos2 δ ×Xdij , (gAad)ij =
mdi +m
d
j
2fa
cos2 δ
[
cos2 β × δij +Xdij
]
,
2 The situation is very much analogous to that characterizing the structure of the Majoron couplings within the conventional seesaw
mechanism with spontaneous violation of lepton number [44].
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with
Xqij =
[
(UqL)
†diag (0, 0,−1)UqL
]
ij
, q = u, d, (58)
where mu,di are the masses of the up and down-type quarks, respectively. Notice that, in contrast to the case of the
charged leptons in Eq. (51), here we have flavor changing couplings. These are encoded in the matrices Xu,dij 6∝ δij .
As a result, the axion couples not only to axial but also vector currents.
For completeness we also give the axion couplings to the exotic quarks, Dα and U3. As in the case of the charged
lepton in Eq. (51), the axion coupling to these fields are diagonal and can be described by the axial coefficients
gaD = diag(mD1 ,mD2) sin
2 δ/fa and gaU = −mU sin2 δ/fa.
E. Axion phenomenology
We have now given the expressions for the axion couplings in our generalized axion scenario. By embedding
the axion in the extended SU(3)c ⊗ SU(3)L ⊗U(1)X ⊗U(1)N electroweak gauge symmetry we have encountered new
features in the structure of these couplings. We now proceed to comment on their phenomenological implications, in
particular on how they differ from existing axion models.
There are several constraints on axion-photon coupling coming from laboratory searches, astrophysics and cosmol-
ogy. They have been recently compiled in Refs. [8, 9]. A summary is found in Fig. 2.
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FIG. 2: Enhanced axion-to-photon coupling, compared to simplest DFSZ schemes. The axion mass range from
micro to mili-eV, relevant for dark matter, overlaps the sensitivities of the ADMX and MADMAX experiments.
We first discuss how models may be distinguished on the basis of their predicted value of Caγ . We recall that there
are two common versions of the DFSZ model, characterized by which one of the two Higgs doublets couples to the
lepton fields [50]. In the DFSZ-I model, such Higgs doublet is the same that couples to the down-quarks, so that the
model has
Caγ
Cag
= 83 . In the DFSZ-II model, the up-quarks and the leptons couple to the same Higgs doublet, so that
in this model
Caγ
Cag
= 23 .
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In Fig. 2, one sees that our proposed axion model predicts an enhanced value for |gaγ | when compared to the
DFSZ-I and DFSZ-II models 3. This happens because our
Caγ
Cag
has the same sign of the model independent part of
the axion-photon coupling in Eq. (49). The larger predicted axion-to-photon coupling strength makes our axion lie
within the expected sensitivities of the ABRACADABRA [51, 52], ADMX [53–57], MADMAX [58] and IAXO [59, 60]
experiments. Notice that this axion-to-photon coupling is a robust and uncontrived prediction of our model. In
principle, non-minimal SU(3)c ⊗ SU(2)L ⊗U(1)Y axion models containing extra Higgs doublets can also have the
same
Caγ
Cag
ratio as our model. For example, the DFSZ-III axion model [50], with three Higgs doublets, can have the
same
Caγ
Cag
ratio as our model. Also models containing more than three Higgs doublets, such as the DFSZ-IV model,
and/or quarks fields in exotic representations of the Standard Model gauge group can produce values of |gaγ | larger
than that of our model [61]. Concerning models of the KSVZ-type, where the axion does not have tree-level couplings
with the standard model fermions, it is interesting to notice that there are constructions with a larger value of |gaγ |
compared to our model, but they feature domain-wall number NDW ≥ 2 [61, 62] (see also [9]).
VII. CONCLUSIONS AND OUTLOOK
We have “re-loaded” the idea of the axion within an extension of the original SVS theory, using the electroweak
SU(3)c ⊗ SU(3)L ⊗U(1)X ⊗U(1)N gauge symmetry. This provides a comprehensive approach not only to the strong
CP problem, but also to the existence of three families of fundamental fermions and the origin of neutrino masses.
Dark matter is axionic and directly related to the mechanism of neutrino mass generation. Indeed, our proposed
invisible axion theory leads to a type-I Dirac seesaw mechanism for neutrino masses, whose characteristic scale is set
by the large Peccei-Quinn scale. The observation of a positive neutrinoless double beta decay signal in this context
would require some other physics, for example, a short-range mechanism associated to additional scalar bosons beyond
those in Table I [63].
Our model naturally leads to an enhanced axion coupling to photons, when compared with the simplest standard-
model-based DFSZ-like models, see Fig.2. Moreover, in our scheme the couplings to fermions exhibit novel features,
such as Eqs. (51), (56) and (58), which would deserve dedicated phenomenological study.
The phenomenological scope of our proposal is quite broad. If the SVS scale is not too far above the electroweak
scale, e.g. w >∼ 10 TeV, as favored by the neutrino seesaw mechanism (see Eq. (35)), we expect di-lepton signatures
from the production of the new Z ′ mediators through the Drell-Yan mechanism, as well as flavor-changing effects in
the decays of K, D and B mesons [64]. These would be a challenge both for high intensity as well as high energy
experiments. It is worthwhile to mention that besides dark matter and neutrino physics, the axion could be also
connected with the cosmological inflation and baryogenesis [65, 66]. Finally, we also comment that, in contrast to
generic axion constructions, ours is free from the cosmological domain wall problem.
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